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ABSTRACT

The reflection patterns for an elliptical neutron beam impinging
upon cylindrical and planar surfaces were measured.
The flux intensity as a function of distance from the surface of
either planar or cylindrical reflectors decreased monotonously with
distance.

No 11 focusing 11 of the neutron beam appeared in the case of

the cylindrical reflectors but the flux did not decrease as rapidly
as in the planar case.
For the elliptical neutron beam the experimentally determined
neutron flux distribution agrees with calculation.
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I.

A.

INTRODUCTION

Description of the Problem
Neutrons impinging upon a medium

henceforth to be called the

reflector -- wi 11 either enter it and be absorbed or they wi 11 enter
it and after being scattered many times will emerge back out of the
surface.

The neutrons· scattered back out of the reflector are

called reflected neutrons.

The question at hand is -- can the

random scattering of the neutrons back from the reflector be controlled so that the neutrons pass through a focal point.

The most

obvious way to control the random scattering of the neutrons is to
geometrically change the surface of a non focusing
11

11

reflector until

focusing is shown.
Some idea about the shape of a focusing surface can be obtained
by looking at previously reported theoretical \'lark.

In 1936,

Fermi [1] suggested that neutrons which suffer a collision near the
surface of a reflector will have greater probability of escape i f
their direction after the collision is normal to the original surface.
This implies that the angular distribution of the escaping neutrons
would be peaked along the normal to the surface.
For the case of thermal neutrons diffusing in a non capturing
and isotropic scattering medium the emergent angular distribution
from the planar surface is given by Fermi•s [2] approximate formula
F( e)

= case

+ I! cos 2 8
TI(l + 2//!]

2

where:
8

= the

angle between the direction of neutron emergence and

the normal to the surface
F(e)

= the

number of neutrons emerging per unit area of surface

per unit solid angle at angle e, i.e., F(8) represents
the angular neutron distribution
The function F(e), normalized, is sho\'m in Fig. 1.

Experimental

results obtained by Hoffman and Livingston [2] are also shown on the
graph as data points.
Since the distribution of the neutrons which scatter out of the
reflector surface is peaked around the normal to the surface, one
would think that the ideal focusing surface is one in which the
normals from each segment of the surface come together and meet at a
common point.

The only surface having that property has the shape of

a hemisphere or semi-circle in which the radii act as normals and
meet at the center of the circle.
B.

Review of Previous Work
Previous work in the field of neutron focusing began in 1968

when Cambiaghi et al [3] focused neutrons with a totally reflecting
conical tube.

In 1969, Shimooke [4] performed the theoretical calcu-

lations for the totally reflecting conical tube.

He obtained

essentially the same results as Cambiaghi but lower values for the
focused flux.

The conical tube focusing principle is that a neutron

can be totally reflected \'/hen it is incident on a surface at or less
than a critical scattering angle [4].

Neutron penetration for this

type of scattering is on the order of 100 atomic layers or less.
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Fig. 1. Angular Distribution of the Neutron Current Emerging
from a Plane Surface.
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Neutrons impinging on a curved reflecting surface and hopefully
focusing in front of the reflector will typically penetrate the
reflector surface several centimeters before escaping back out.

Thus,

little or no similarity exists between conical tube focusing and semicircular curved surface focusing.
Curved surface focusing work at the University of

r~issouri-Rolla

began in 1970 \'/hen Ra-ckley [5] predicted through Honte Carlo simulation the focusing of neutrons from a parabolic surface.

Kalter [6]

performed a more sop hi sti cated f'1onte Carlo s imul ati on of a semicircular reflector in 1972 and predicted neutron focusing for flat
neutron beams of width nearly equal to the diameter of the reflector.
C.

Importance of Work
The importance of determining the existence of neutron focusing

lies in the possibility of increasing neutron flux at a desired point
in front of the reflector.

In a nuclear reactor a focusing reflector

could direct neutrons back into a low flux or highly enriched fuel
area.

Outside a research reactor a focusing reflector could be used

to increase the flux at an experimental spot thus allowing an experimenter a greater beam intensity which usually means more rapid
completion of the experiment.

5

II.
A.

THE EXPERIMENTAL PROCEDURE

Equipment
In order to determine if focusing of a neutron beam is occurring

in front of a circular reflector, it is necessary to measure the
neutron flux at many positions in front of the reflector.

For this

experiment, the neutron beam was directed to the center of the
reflector and the flux monitored along the center of the beam,
through the theoretical focal point and up to the surface of the
reflector as shown in Fig. 2.
The neutron beam originates from the beam port of the University
The beam port is located at the basement

of Missouri-Rolla reactor.
of the reactor building.

When the beam port is open and the reactor

at power, the space around the beam port is a high radiation area,
unsafe for an experimenter.

Therefore, the detector operation and

positioning must be performed remotely.

Remote positioning of a

detector through carefully selected points in space was accomplished
by building a large wooden frame and mounting a detector transfer car
on top of the frame.

The detector transfer car consisted of a plat-

form mounted on four wheels with a three foot long threaded bar
passing vertically through the platform and attached to a screv1 thread
gear box mounted on top of the platform.

The screw thread gear box

was driven by a Direct Cycle Slo-Syn Driving motor mounted on the
platform.

The neutron detector was attached to the lower end of the

threaded bar and the gear box could then control the vertical height
of the detector.

Fig. 3 is a photograph of the apparatus.
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Fig. 2.

Top View of Cylindrical Reflector and Neutron Beam.
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Fig. 3. Photograph of Remote Detector Positioning System.
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The platform of the transfer car was attached to a chain drive
which could pull the transfer car and.make it move on a horizontal
plane.

The chain drive was powered by another Direct Cycle Slo-Syn

Driving motor with a chain gear attached to the motor shaft.

In order

to keep the car in a straight line horizontal direction, the wheels
of the transfer car were fitted into tracks mounted on the frame.
Fig. 4 illustrates the chain drive system.

Operation of the two

Slo-Syn motors was achieved by a control unit on the first floor of
the reactor building.

The control unit has four digital dials which

control length of time each motor would operate.

The pulse range of

the dials is from 1 to 9999 pulses for each indexing of the motors.
Once the ratio of movement distance per pulse is determined, the
experimenter can accurately place the neutron detector in any position
in a plane.

Positioning off this plane cannot be done remotely.

In order to monitor the flux and yet not obscure the neutron
beam, a small boron trifluoride (BF 3) detector was used.

The detector

is a Woods model G 12212 cylindrical shaped neutron detector with an
active volume five eighths inch in diameter and four inches in length.
The high voltage plateau of the detector was in the range of 1600 to
1830 volts with the best operating voltage at 1740 volts.

The output

from the detector was very \'leak due to its sma 11 active vo 1ume
therefore it was boosted by two amplifiers.
for noise reduction.

A discriminator was used

The resulting signal was transferred via 35

feet of coaxial cable to a receiving set located on the first floor
of the reactor building.

The receiving set consisted of an amplifier,

9
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discriminator and scaler.
electronics.

Fig. 5 is a block diagram of the

The dead time of the detector was calculated to be in

the range of two to four microseconds.

This short dead time allows

the detector to emit up to 150,000 signals per minute with a loss of
less than 1%.

The rise time on the amplifier was 60 nanoseconds and

the dead time on the scaler was one microsecond so that detector dead
time was the limiting factor on count rate losses.

A high counting

rate is desirable to be able to obtain a large number of counts in a
relatively short time.

The larger the number of counts, the smaller

is the statistical error.
B.

Reflectors
The properties of a good reflector are high neutron scattering

cross section and low absorbing cross section. These

bm

properties

are taken into account in the determination of the reflection
coefficient or albedo.

The albedo S of a medium is defined as:

where:

= neutron current density out of the reflector medium
Jin = neutron current density into the reflector medium

Jout

Thus, the albedo represents the fraction of neutrons which are
returned from the reflector.

Table 1 gives calculated albedo for

planar surfaces of the best reflector materials as presented in
ref. 7.

On the basis of albedo and ease of acquisition, reactor

grade graphite was the reflector material used.
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Table 1:

Albedo for Infinite and Finite Slabs
Finite Slab
(40 em)

Infinite Slab

Hateri al

0.919
0.892
0.881
0.821

0.968
0.930
0.889
0.821

Heavy water
Graphite
Beryllium
Water

Two basic reflector shapes \.<Jere used in the experiment.

The

first was a planar surface of graphite 72 inches wide, 36 inches deep,
and 23 inches high.

Neutron reflection off this surface should

represent a random scattering of the neutrons.

The second basic shape

Fig . 6 is a front view of the cylindrical

was a cylindrical reflector.

reflector while Fig. 7 is a photograph of it.
The top and bottom of the circular reflector were constructed of
plywood and the sides and curved surface were one-sixteenth inch
polyethylene.

This allowed blocks of graphite to be stacked in posi-

tion and all gaps and crevices to be filled with powdered graphite,
thus forming a smooth circular surface.

The polyethylene has nuclear

properties similar to water, but the extreme thinness of the sheet
did not present any problems.

This was checked by measuring the flux

distribution with and without the polyethylene present on a planar
surface.

The shape of the distribution was the same in both cases,

but the intensity \</as lower with the polyethylene present.
Theoretical work indicated that the size of the circular
reflector was important, therefore attempts \'/ere made to alter the
diameter of the reflector.

Graphite blocks 4 inches by 4 inches by

23 inches were stacked along the inner edge of the cylindrical

13
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Fig. 6.

Front View of the Cylindrical Reflector.
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Fig. 7.

Photograph of Cylindrical Reflector and Neutron Detector.
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reflector to approximate smaller reflectors of 22 inches and 14
inches in diameter.
C.

Neutron Beam Description
A knowledge of the neutron beam used in the experiment is

necessary in order to dra\'1 logical conclusions from the results.
The neutron beam from the reactor travels about 11 feet along a shaft
which runs from the reactor poo 1 through 7 feet of concrete and exits
into the basement.

The shaft has, along its last 38.5 inches,

dimensions of 1.75 inches high and 2.75 inches wide. As the beam
leaves the beam port it begins to spread in a linear fashion.

The

horizontal spread rate is about 3 inches for each 40 inch distance
from the port while the vertical spread is about 3 inches for each
46 inch distance from the beam port.

At a distance of 104 inches

from the beam port the beam is about 10.5 inches wide and 8.5 inches
high and appears elliptical.
The reactor power used for all experimental runs was 2 h1. This
power provided a flux intensity which gave good counting statistics
for reasonable counting times.
The intensity of the beam near its center as it leaves the beam
port is about 12000 neutrons/cm 2 /second at a reactor power of 2 kw.
The flux is not constant across the opening of the beam port but
resembles a Gaussian distribution.

Using cadmium covered gold foil,

the composition of the neutron beam was determined.

Sample calcula-

tions of flux intensity and composition are shm'in in Appendix A.
cadmium cut off for thermal neutrons appears at 0.4 eV.

The

Epithermal

neutrons with energies above 0.4 eV will generally pass through a thin

16

cadmium shield while neutrons with energies below 0.4 eV will nearly
always be stopped.

From measurement it \vas found that 94% of the

neutron beam was below the cadmium cut off and the remaining 6% in
the epithermal range.
Attempts were made to alter the composition and shape of the
neutron beam.

A most desirable situation is to have a strictly

thermal neutron beam.

Various thicknesses of paraffin blocks were

placed in the beam port in the hopes that paraffin would moderate the
epithermal neutrons, resulting in a thermal beam.

The results

indicate that any thickness .of paraffin which would moderate epithermal neutrons would also reduce the thermal neutron beam drastically.

Therefore. in later experiments, no attempt was made to alter

the epithermal content of the beam.

Instead, the effect of the epi-

thermal neutrons was properly taken into account in the analysis of
the data.
Altering of beam shape from elliptical to flat rectangular was
attempted through the use of various arrangements of narro\'J slits and
collimators.

It was desired to attain a beam 11 inches wide and one

to two inches high in order to verify the theoretical work of
Kalter [6].

A satisfactory thermal neutron beam could not be obtained

with the equipment at hand.
D.

Method of Data Collection
When a measurement of neutron flux at a point in front of the

reflector was made the components of the flux were the incoming
thermal and epithermal neutrons and the reflected thermal and epithermal neutrons.

That portion of the measured flux that was of

17

interest in this experiment was the reflected thermal flux.
the flux that should focus according to Fermi•s equation.

This is
To obtain

just this portion of the flux two measurements were needed at each
The first measurement was performed with a bare BF 3

point in space.
neutron detector.

The counter detected both the epithermal and

thermal incoming beam and the epithermal and thermal reflected beam.
The second measurement was performed with the detector covered with a
0.028 inch thick cadmium sheet on all sides except the one facing the
incoming beam.

The cadmium effectively filters out the thermal

reflected neutrons allowing only epithermal reflected neutrons to pass
through and hit the detector.

Since the portion of the counter that

faced the incoming beam was not shielded, the detector also counted
the incoming epithermal and thermal beam.

The difference between the

counting rate of the shielded detector and that of the bare detector
gives the counting rate due solely to reflected thermal neutrons.
Appendix B gives the mathematical details of this calculation. A
graph was then made of reflected neutron flux versus distance from
the reflector surface.
The measurement of reflector albedo was made in a fashion similar
to determining the reflected thermal flux.

The detector was positioned

near the surface of the reflector and measurements of flux were made
with the detector bare and shielded on three sides.

A third measure-

ment was made with the detector completely shielded with cadmium.
This third measurement determined the epithermal incoming and reflected
flux.

When this measurement was subtracted from the measurement made

with the detector shielded on three sides which counted the incoming

18

epithermal and thermal and reflected epithermal flux, the remainder
was the thermal incoming flux.

It was the thermal incoming and

reflected flux which were needed to calculate the albedo.
gives the mathematical details.

Appendix C
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III.
A.

EXPERIMENTAL RESULTS

Graphs of Reflection Curves
The neutron flux emerging from a reflector drops off almost

exponentially with distance from the surface.

Fig. 8 shows the exper-

imental results for the flux as a function of distance from the planar
graphite surface, on linear paper and Fig. 9 presents the same results
on semi-log paper.
As Fig. 9 shows the decrease of the flux with distance is not
exactly exponential.

Actually, calculation shows that the flux shape

is, to a good approximation, represented by the first exponential
integral

where:
rt

= total

neutron macroscopic cross section for air

Fig. 10 is the graph of the flux decrease with distance for the
14 inch cylindrical reflector.

The error bar on the sixth data point

illustrates the uncertainty of the data and is representative of the
experimental error.

A close comparison of this graph with the graph

for the planar surface shows the flux dropping off at a slower rate
for about the first 10 inches away from the reflector, after which the
curves are identical.
point.

There is no indication of focusing at any

If focusing were to occur with a cylindrical reflector the

graph should show a less rapid drop with distance then a hump at a
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distance away from the reflector equal to its radius. After the hump,
the curve should continue to decrease.
Fig. 11 is the graph of the flux decrease with distance for the
22 inch cylindrical reflector.

Hhen compared with the graph for the

planar surface, the flux appears to drop off at a slower rate for
about the first 15 inches away from the reflector, after which the
curves are identical.
Fig. 12 is the graph of the flux decrease with distance for the
30 inch cylindrical reflector.

It levels off at a lower value near

its end than did the previous three curves. This difference is due
to the fact that this curved surface was covered by 1/16 inch thick
polyethylene sheet (Fig. 7) while the other surfaces were bare
graphite.

Experiments performed with a planar graphite reflector

covered with polyethylene and also with bare graphite showed that the
number of neutrons emerging is sma11er if the graphite is covered by
polyethylene.

The higher absorption cross section of polyethylene is

responsible for this effect.

The graph for the 30 inch cylindrical

reflector also shows the flux dropping off at a slower rate than the
planar surface.
B.

Reflector Albedo Values
The albedo was measured for each of the reflecting surfaces to

determine how it changes with reflector radius.

As mentioned earlier,

the calculated albedo for an infinite planar surface of pure graphite
is 0.93.

The reflector used in the present experiment was practically

infinite in size in all dimensions except

ll~ight.

The height was

limited so as to keep its size small enough to allow a hydraulic lift
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to move it.

Due to the height limitation it is expected that the

reflector albedo would be smaller than the value for the infinite
case.
The albedo for the planar wall was measured to be 0.75.
value appears to be lower than the calculated one.

This

Possible reasons

for this difference are:
(i) the finite height of the reflector
(ii) impurities in the graphite
(iii) the calculated value is the result of diffusion theory
not transport theory.
In addition to these reasons, the way the planar wall was constructed might have an effect.

The planar wall was built by filling

in the circular reflector with graphite blocks until a plane wall
was formed.

The problem with this method is that gaps and crevices

exist in the region behind the planar surface.

For the 14 inch and

22 inch cylindrical reflectors the value of the albedo ranged between
0.73 and 0.79.

Since both of these reflectors were formed with

graphite blocks, gaps were present.

It was found that the albedo

changes if the graphite blocks and consequently the gaps are distributed differently .
The 30 inch reflector did not have the problem of gaps and
crevices since all of the spaces were filled with graphite powder.
This resulted in a more homogeneous medium. The density of the
graphite powder was found to be 1.3 gm/cm 3 , while the density of the
graphite blocks was 1.6 gm/cm 3 • The albedo in this case was 0.84.
This is an indication that the homogeneity of the medium is important.
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As it is pointed out in Appendix C, where the details of the
albedo measurement are presented, an error was introduced in the
results of all the albedo measurements.

This error is due to the

fact that the incoming beam was not purely thermal.
2% or less.

It amounted to
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IV.

CONCLUSION AND RECOMMENDATIONS

This work has achieved its objective -- an experimental study
and comparison of neutron reflection from planar and curved surfaces.
The flux as a function of distance from the reflector was found for
the planar surface. Then, the flux as a function of distance from
the reflector for the cylindrical surfaces was determined and compared.
It was hoped that experimental evidence could be found to support
the theory of focusing neutrons from circular shaped curved surfaces.
However, the experimental results obtained do not show such thing.
While this experimental v1ork was in progress, Kalter [6]
performed f4onte-Carlo ca 1cul at ions of the same problem.

He assumed

two types of incoming neutron beams:
(i) a circular beam impinging upon the cylindrical surface.
This beam is similar to the one used for the experiment.
(ii) a plane beam with zero height and width equal to the
diameter of the reflector.
The results of the calculation are different for the two beams.
For the circular beam, the neutron flux decreases monotonously
away from the surface, in agreement with the experimental results
obtained in this work.

Fig. 13 shows the neutron flux distribution

for a 30 inch diameter cylindrical reflector.

This curve should be

compared to that of Fig. 12. The two agree very well considering that
the calculation used ideal conditions namely 100% pure graphite, and
no polyethylene present.
For the plane beam Kalter predicts focusing.

The reflected flux

decreases away from the reflector, but it shows a peak at a distance
about equal to the radius of the reflector. Attempts were made to
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produce a plane neutron thermal beam in the lab but were unsuccessful.
Thus, at the present time there are no experimental results to be
compared with the calculations.
It is recommended that further study in this field:
1. Attempt to produce a short wide beam in an effort to verify
results of the calculation.
2.

Use powder graphite rather than blocks to make all reflectors.

3.

Build and use a hemispherical reflector.
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APPENDIX A
DETERMINATION OF NEUTRON FLUX AND ITS
COMPOSITION AT BEAt1 PORT
The determination of the neutron flux and its composition of
thermal and epithermal neutrons at the beam port was made using
pairs of gold foils.

A cadmium covered foil and a bare gold foil were

placed side by side near the center of the beam port. The reactor was
brought to full power (200 Kw) and the foils irradiated for at least
one hour.

The activity of the foils due to the irradiation was

determined by counting the foils in a calibrated counting system at
the

ur~R

reactor.

The absolute value of the flux is obtained after

adjusting the counting rates by the calibration coefficient for that
particular counting system.

The calibration coefficient was given by

the National Bureau of Standards and corrects for geometry and
efficiency of the counting system.
Once the foil activities are known, these values are used for the
calculation of the flux as shown below.
Ab

Let:

= counting rate per unit weight of irradiated material at time
of analysis for the bare foil

Ac

= counting rate per unit weight of irradiated material at time
of analysis for the cadmium covered foil

= calibration coefficient for counting system
A = decay constant for radioisotope

Co

Td

= time

elapsed from end of irradiation to analysis of activity

= length of irradiation time
crt = thermal-neutron-absorption
Tr

in seconds
cross section of material
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N = nuclei per unit weight of material
<Pt

= thermal neutron flux in neutrons/cm 2 /sec

Then, [8]

For the gold foils used in the experiment at 200 Kilowatts of
reactor power, typical values of the variables v1ere:
Ab
Ac

= 410.4 c/sec
= 76.6 c/sec

= 0.3067
A = 0.0001782 minutes- 1

Co

Td = 92 minutes
Tr

= 1380

seconds

= 98 barns
N = 3.057 x 10 21 atoms/gm

at

and the calculated thermal flux at 1 Kilowatt was:
¢t

= 6140 nts/cm 2 /sec

The statistical error involved in the measurement was negligible.
An indeterminate error existed since the flux is not constant across
the beam port thus positioning of foils is crucial.
The composition of the neutron beam was determined by analyzing
the activity induced upon the bare and cadmium covered gold foils.
Let:
¢

= epithermal neutron flux in neutrons/cm 2 /sec

oc

= average
= average

e
at

material

thermal-neutron-absorption cross section of material
epithermal-neutron-absorption cross section of
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The activity of the cadmium covered foil is
Ac

= N ere

•

cpe

The activity of the bare foil is
Ab

= N ere

N crt rpt

cpe +

which can also be written as
Ab

= Ac

N crt rpt •

+

Solving for the fluxes the results are
=

cp

e

.lL
N

cre

and

= Ab - Ac

cp

N cr

t

t

The ratio of the epithermal flux to the total flux is
Ac
_

ere

cpe

__::;.._:__,....---,..r------:~

cpe +

_Ac

rpt

ere

+

Ab - Ac
crt

If the thermal neutron flux energy distribution is assumed t1axwellian and the epithermal flux energy distribution follows an 1/E
relationship, typical values for the average absorption cross sections
for gold are
cr

t

= 76.5 barns

and
cr

e

= 280 barns •

The resulting ratio for the fluxes are

which implies the epithermal flux is about 6%of the total flux.
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APPENDIX B
DETERMINATION OF THE REFLECTED FLUX
Let:
CRB
CRTS

= counting rate recorded by a bare detector

= counting

rate recorded by detector shielded with cadmium

on three sides
ET

= efficiency of detector in detecting thermal neutrons

EE

IT

= efficiency of detector in
= incoming epithermal flux
= incoming thermal flux

RE

= reflected epithermal flux

RT

= reflected

IE

detecting epithermal neutrons

thermal flux

Now the relationships are written as:
CRB

= (ET)(IT)

+ (EE)(IE) + (EE)(RE) + (ET)(RT)

CRTS

= (ET)(IT)

+ (EE)(IE) + (EE)(RE)

and

Finally
CRB - CRTS

= (ET)(RT)

Since relative flux magnitude was studied, the value of the
efficiency for the thermal neutron detection, ET, is not really
needed.
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APPENDIX C
DETERMINATION OF ALBEDO
Using the same notation as in Appendix B, the thermal neutron
albedo is given by
0

_

RT

~-rr

In addition, we define the quantity
CRS

= counting

rate recorded by detector completely shielded

with cadmium.
The albedo is obtained as follows.
CRB = (EE)(IE) + (EE)(RE) + (ET)(IT) + (ET)(RT)
CRTS

= (EE)(IE)

+ (EE)(RE) + (ET)(IT)

and
CRS = (EE)(IE) + (EE)(RE)
Performing subtractions, one has:
CRB - CRTS = (ET)(RT)
or
RT = (CRB - CRTS)/{ET)
and
CRTS - CRS = (ET)(IT)
or
IT = (CRTS - CRS)/ET
Finally,
S = RT/IT = (CRB - CRTS)/(CRTS - CRS).
A comment should be made about the term RT.

The quantity RT,

representing the thermal reflected flux, has two sources.

The first
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source is the incoming thermal beam which enters the reflector and is
scattered back out. The second source comes from the fact that some
incoming epithermal neutrons enter the reflector, scatter and lose
energy and scatter out of the reflector as thermal neutrons. This
added second component tends to make the albedo appear larger than it
really is.

Experimentally the magnitude of the second component of

the reflected thermal beam was determined by placing a cadmium cover
over the beam port to allow only epithermal neutrons to pass.
Let:
RT'
CRSS

= reflected

thermal flux, due to incoming epithermal flux

= counting rate recorded by blocking incoming thermal beam
and without reflector present

= (EF)(IF)
CRB = (EF)(IF)

CRS

+ (EF)(RF)
+ (EF)(RF) + (ET)(RT')

Finally,
(CRB -

CRS~(EF)

{CRSS)

_ RT'

ET) -

~

This ratio represents the fraction of the epithermal flux which
thermalizes and scatters out of the reflector and is detected.

The

ratio of the detector efficiency for thermal neutrons to epithermal
neutrons was estimated to be 18.0.
The measured value of the fraction of epithermal neutrons which
thermalize and scatter out was 10%. Since the epithermal flux
represents only 6% of the beam, there is only an increase in the
reflected thermal beam of about 0.6% which would make the calculated
value of the albedo off by 1% or less.
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APPENDIX D
ERROR ANALYSIS OF THE REFLECTED FLUX COUNT RATE
The counting rate as measured by the neutron detector is a
function of reactor power and the total number of counts recorded in a
given counting period.

The counting times \-Jere two minutes.

Counting

rates were determined as counts per 30 seconds. The reactor power
should be kept constant during a measurement. This was achieved to
within± 0.5%, as determined from the linear power recorder.

This

uncertainty was taken into account in the calculation of the error as
shown below.
Let:
R = counting rate
N = number of counts recorded in 2 minutes
K = reactor power constant
~R

~N
~K

= uncertainty in count rate
= statistical uncertainty in counts recorded
= uncertainty in reactor power

Now the relationship for the 30 second counting rate is:

-,..

R _ KN

The statistical error of N is:

and the uncertainty in K is:

~ = 0.5%
The uncertainty in the count rate can be determined from the equation
[9]:
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which yields

and simplifying one gets

~R = R /r~r + r~f'
The counting rate of the detector shielded on three sides {RCRT}
is subtracted from the counting rate of the bare detector {RCRB} and
the uncertainty of the remaining reflected flux {RF} is just

~RF

= [(~RCRB} 2

+

{~RCRT} 2 ]~

•

